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Abstract

Using two-dimensional general relativistic resistive magnetohydrodynamic simulations, we investigate the
properties of the sheath separating the black hole jet from the surrounding medium. We find that the
electromagnetic power flowing through the jet sheath is comparable to the overall accretion power of the black
hole. The sheath is an important site of energy dissipation as revealed by the copious appearance of reconnection
layers and plasmoid chains. About 20% of the sheath power is dissipated between 2 and 10 gravitational radii. The
plasma in the dissipative sheath moves along a nearly paraboloidal surface with transrelativistic bulk motions
dominated by the radial component, whose dimensionless 4-velocity is ~1.2 £ 0.5. In the frame moving with the
mean (radially dependent) velocity, the distribution of stochastic bulk motions resembles a Maxwellian with an
“effective bulk temperature” of ~100 keV. Scaling the global simulation to Cygnus X-1 parameters gives a rough
estimate of the Thomson optical depth across the jet sheath, ~0.01-0.1, and it may increase in future
magnetohydrodynamic simulations with self-consistent radiative losses. These properties suggest that the
dissipative jet sheath may be a viable “coronal” region, capable of upscattering seed soft photons into a hard,

nonthermal tail, as seen during the hard states of X-ray binaries and active galactic nuclei.

Unified Astronomy Thesaurus concepts: Black hole physics (159); High energy astrophysics (739);
Magnetohydrodynamical simulations (1966); Plasma astrophysics (1261); X-ray binary stars (1811); X-ray active

galactic nuclei (2035)

1. Introduction
1.1. Microphysics

The X-ray spectra of accreting black holes can feature a hard
nonthermal X-ray tail with a cutoff at ~100keV, predomi-
nantly seen during the “hard states” of X-ray binaries
(H. Tananbaum et al. 1972; R. A. Remillard & J. E. McClint-
ock 2006; C. Done et al. 2007). The traditional paradigm
involves thermal Comptonization of soft accretion disk photons
by a bath of hot Maxwellian electrons in a “corona” with a
temperature of kg7, ~ 100keV (G. S. Bisnovatyi-Kogan &
S. I. Blinnikov 1976; R. A. Sunyaev & J. Truemper 1979;
A. A. Zdziarski & M. Gierlifiski 2004); the heating of the
electrons, in this paradigm, is usually attributed to processes
such as magnetic reconnection (A. A. Galeev et al. 1979; T. Di
Matteo et al. 2005; A. Merloni & A. C. Fabian 2001a, 2001b)
and turbulence (B. D. G. Chandran et al. 2018).

Magnetic reconnection is incapable of sustaining a high electron
temperature in the radiative corona (A. M. Beloborodov 2017). It

13 NASA Hubble Fellowship Program, Einstein Fellow.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

works in such a way that most of the plasma remains cool;
however, the reconnection layer still efficiently Comptonizes
photons by random bulk motions of the self-similar plasmoid chain
created in the layer. This mechanism was found to be capable of
producing the hard-state spectrum (A. M. Beloborodov 2017) and
then demonstrated by first-principles, radiative, kinetic plasma
(particle-in-cell; PIC) simulations of magnetic reconnection
(L. Sironi & A. M. Beloborodov 2020; N. Sridhar et al. 2021,
2023, hereafter, SB20, SSB21, SSB23, see also G. R. Werner et al.
2018; J. M. Mehlhaff et al. 2020). The bulk motions of plasmoids/
magnetic islands are generated as a natural outcome of magnetic
reconnection and can achieve transrelativistic speeds (with an
energy distribution resembling a Maxwellian having an “effective
bulk temperature” of ~100keV). The stochastic bulk motions of
this chain of plasmoids can Compton upscatter the soft X-ray
photons to a hard, nonthermal tail. This was termed the cold-chain
Comptonization process, as most of the electrons that reside inside
the chain of Comptonizing plasmoids are cooled down to
nonrelativistic temperatures due to inverse Compton (IC) losses.
A similar process can also operate in turbulent plasmas where the
bulk motions of the eddies can Compton upscatter soft photons to a
nonthermal distribution (D. Groselj et al. 2023; J. Nattila 2024).
SB20, SSB21, and SSB23 investigated the dependence of
the cold-chain Comptonization process on the IC cooling
strength, the composition of the plasma (electron—positron
versus electron—ion) and the magnetization o of the
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reconnecting plasma (o = B¢/(4mpc?), where B, is the
“upstream” magnetic field strength, ¢ the speed of light, and
p is the plasma density). The dependence of this process on the
“guide field” (By), i.e., the magnetic field that is oriented along
the electric current in the reconnection layer, was investigated
by S. Gupta et al. (2024). These studies showed that the cold-
chain Comptonization process can produce the observed
nonthermal X-ray spectra for ¢ 2 3 and B,/B, < 0.3,
regardless of the composition of the corona. These were local-
box simulations that were performed with hierarchy-preserving
scaled-down parameters (see Section 3 of SSB23 for more
details). Furthermore, these simulations were performed
assuming that the upstream plasma conditions are uniform
across the current sheet (i.e., across the oppositely oriented
magnetic field lines that reconnect), and being agnostic to the
location and orientation of the reconnection layer with respect
to the black hole and the accretion disk. The geometry and the
location of the corona have remained elusive topics, which we
aim to address in this work.

1.2. Macrophysics

X-ray spectral and temporal studies of black hole X-ray
binaries have suggested that the location, size, and geometry of
the corona could change depending on the phase of X-ray
binary outburst (E. Kara et al. 2019; N. Sridhar et al.
2019, 2020; Z. Cao et al. 2021; J. Wang et al. 2021;
M. Méndez et al. 2022). Furthermore, the nonthermal X-ray
emission during the hard states was typically seen contempor-
aneously with the presence of a compact (51015 cm) radio jet
(R. P. Fender & E. Kuulkers 2001; E. Gallo et al. 2003, 2018;
R. P. Fender et al. 2004; M. Méndez et al. 2022). These
observations have motivated models of coronae—albeit invol-
ving the less feasible thermal Comptonization process by hot
electrons—that involve the jet or its base (S. Markoff et al.
2005; E. Qiao & B. F. Liu 2015; M. Lucchini et al. 2022).
Recent results from the Imaging X-ray Polarimetry Explorer
(IXPE) may also help constrain the coronal geometry
(M. C. Weisskopf et al. 2016; H. Krawczynski et al. 2022;
A. Marinucci et al. 2022; F. Ursini et al. 2022; D. Tagliacozzo
et al. 2023).

The corona was proposed to outflow at a mildly relativistic
speed from the accretion disk in order to explain the hard
spectral index and the weak reflection in hard-state black holes
(A. M. Beloborodov 1999; J. Malzac et al. 2001). In addition,
A. M. Beloborodov (1998) showed that such outflows should
generate polarization parallel to the disk normal. The picture of
an outflowing corona has been used recently to explain the
parallel polarization degree (PD) of 4.0% + 0.2% observed by
IXPE in the 2-8 keV band from Cygnus X-1 (J. Poutanen et al.
2023). J. Dexter & M. C. Begelman (2024) further argued that
the Comptonizing region might be a transrelativistic outflow
situated along the jet sheath. A similar picture has been proposed
based on global radiative general relativistic magnetohydro-
dynamic (GRMHD) simulations (M. Moscibrodzka 2023).

Global GRMHD simulations showing potential regions of
magnetic dissipation can provide insights into the geometry and
orientation of a putative corona, as well as the spatial and
temporal variations in the polarization properties of the
Comptonized emission (J. D. Schnittman & J. H. Krolik
2010; B. Beheshtipour et al. 2017). Within the tenuous corona,
magnetic dissipation could occur in a collisionless regime
(J. Goodman & D. Uzdensky 2008). However, performing
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global PIC simulations of a realistic accreting system that
would accurately capture the global dynamics and kinetic
dissipation scales is computationally unfeasible (although two-
dimensional general relativistic PIC simulations by A. Galish-
nikova et al. (2023), with simplifying assumptions on the
accretion model, show that magnetic flux eruptions are a
generic result of saturation of flux on the horizon). A simpler
approach is based on GRMHD simulations with explicit
resistivity (e.g., Q. Qian et al. 2018; C. Vourellis et al. 2019;
B. Ripperda et al. 2020)."* Such simulations allow modeling of
the global dynamics of accretion disks while resolving
reconnection in the largest current sheets with a converged
dissipation rate. GRMHD simulations have revealed the
formation of current sheets and plasmoid-unstable reconnection
layers in two regions: (1) the sheath at the interface between the
accretion disk and the Poynting-flux-dominated polar jet
(A. Nathanail et al. 2020, 2022; B. Ripperda et al. 2020;
A. Chashkina et al. 2021; I. K. Dihingia et al. 2022), and (2) the
magnetospheric region between the black hole and the inner
accretion disk (B. Ripperda et al. 2020, 2022; see also a
number of GRMHD and PIC simulations of the magneto-
spheric region without an accretion disk: M. Inda-Koide et al.
2019; K. Parfrey et al. 2019; A. Bransgrove et al. 2021;
K. Hirotani et al. 2021; B. Crinquand et al. 2022; 1. El Mellah
et al. 2023).

In this paper, we investigate the structure of the dissipation
region in the jet sheath using the high-resolution two-
dimensional nonradiative general relativistic resistive magneto-
hydrodynamic (GRRMHD) simulation of B. Ripperda et al.
(2020). The simulation was performed for the case of a
magnetically arrested disk (MAD; G. S. Bisnovatyi-Kogan &
A. A. Ruzmaikin 1974, 1976; 1. V. Igumenshchev et al. 2003;
R. Narayan et al. 2003). MAD flows exhibit long phases of
accretion where magnetic flux accumulates on the horizon and
shorter eruptive phases where magnetic flux is ejected.
Spinning black holes in the MAD state show the formation
of strong jets, due to the large accumulation of flux. We
examine the jet sheath during the MAD state as a candidate for
the source of hard X-rays, determine the power available for
dissipation, and investigate the statistics of plasma motions.
These motions can potentially Comptonize seed soft photons
and shape the spectrum of the observed hard X-ray emission
and its polarization. We also attempt to estimate the optical
depth of the sheath, although this requires simulations that
model the interaction between radiation and the plasma, and
electron—ion Coulomb coupling throughout the accretion flow;
steps toward such simulations have been made by
M. T. P. Liska et al. (2022).

GRMHD simulations of accretion onto black holes including
plasma-radiation interaction (J. Dexter et al. 2021;
M. T. P. Liska et al. 2022) have shown the formation of a
truncated inner thicker disk (and an outer thinner disk) with a
strong poloidal field (akin to a MAD state) if the disk is initially
threaded with a dominant poloidal flux at large radii. Our
simulation aims at modeling the properties of the inner regions
of such a disk, including the current sheets, potential
dissipation regions, and the fluid and electromagnetic field
conditions found there. Unlike, e.g., M. T. P. Liska et al.
(2022), our simulations are nonradiative. While radiative

14 Although note that the magnetic reconnection rate in collisional plasma as
described by MHD is about a tenth of the collisionless rate as found in PIC
simulations.
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cooling will strongly affect the conditions of the dense material
accreting near the midplane, the properties of the jet and its
sheath, being dominated by magnetic stresses, are conceivably
similar between radiative and nonradiative models. So,
simulations of accretion disks without radiative cooling could
reasonably inform us about the magnetically dominated inner
regions of the accretion flow during the low/hard state, in
particular to understand the formation of current sheets and
other dissipation regions found there. Therefore, the results
from the simulation presented in this work can potentially
capture some characteristics of the low/hard state dynamics
and may serve to model the nonthermal X-rays seen during
these phases.

The paper is organized as follows. In Section 2, we detail the
numerical setup of the GRRMHD simulations. Section 3
contains the results, with Section 3.1 characterizing the jet
sheath, Section 3.2 exploring the properties of the current
sheets in the jet sheath, Section 3.3 focusing on the power
flowing through the jet sheath, Section 3.4 investigating the
properties of the bulk motions in this region, and Section 3.5
checking whether the inferred optical depth in the jet sheath
region that we identify as a corona satisfies the requirements to
produce the observed X-ray spectra. Finally, we summarize our
findings in Section 4.

2. GRRMHD Simulation Setup

The results presented in this work are obtained using two-
dimensional GRRMHD simulations of prograde accretion onto
a highly spinning black hole (B. Ripperda et al. 2020). The
simulation was performed using the Black Hole Accretion
Code (O. Porth et al. 2017; H. Olivares et al. 2019) with an
implicit—explicit time-stepping scheme (B. Ripperda et al.
2019a) and adaptive mesh refinement (AMR) to accurately
resolve dissipation sites on the resistive scale in the system. To
accurately capture the regime of plasmoid formation and
evolution (which is associated with magnetic dissipation), the
Lundguist number S = L, /7 should be above the threshold
of 10™ (N. F. Loureiro et al. 2007; A. Bhattacharjee et al. 2009;
D. A. Uzdensky et al. 2010). Taking a small, uniform plasma
resistivity of 7 = 5 x 107> in the GRRMHD equations, since
the Alfvén speed is wz/c = Jo/(c + 1) ~ 1 in the highly
magnetized regions surrounding the jet (o 2 1), the length scale
of the resolved current sheets that would go plasmoid-unstable
was found to be L. 2 O(1) R, (B. Ripperda et al. 2020),
where R, = GM./c” is the gravitational radius of a black hole
with mass M.. The simulation results presented here thus
reliably capture plasmoid formation in current sheets with
length 2R, near the black hole.

From hereon, we use the geometrized system of units with
gravitational constant, black hole mass, and speed of light
G = M. = ¢ = 1; length and timescales are thus normalized to
R, and R,/c, respectively. We also adopt the Lorentz—
Heaviside units where a factor of 1/ \/E is absorbed into the
electromagnetic fields, and we employ a 3 4+ 1 decomposition
of the GRRMHD equations based on the Arnowitt—Deser—
Misner formalism (R. Arnowitt et al. 1959) with a (—, +, +, +)
signature for the spacetime metric. The simulation is performed
in a logarithmic Kerr—Schild coordinate system (J. C. McKin-
ney & C. F. Gammie 2004), with r, 6, ¢ being the radial, polar,
and toroidal coordinates (for a logarithmic Kerr—Schild metric,
the radial coordinate is log 7). The determinant of the metric is
g = —r?¥?*sin’f@, and the determinant of the spatial
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component of the metric is
v = gy(r, Dlg, (r, Q)gw(r, 0) — 8., (r, 0)*1, (1
where the spatial metric components are

g (r, 0) = r2[1 4+ ((r, 0)],

gp(r, 0) = X(r, 0),

g 0) = [r* + a? + 2ra?sin?0/%]sin? 0,
&s(r, 0) = —ra.sin*0[1 + ¢(r, )],

@)

where ¥ = r2 + a’cos?0, A(r)=r>+a?—2r, and ¢
(r, 0) = 2r/%(r, 0).

The base resolution of the simulation is 384 x 192 (the two-
dimensional nature of our simulation leaves the plasma
dynamics along the ¢ coordinate invariant), and the simulation
employs five levels of AMR, effectively corresponding to a
resolution of 6144 radial cells and 3072 polar cells. The
simulation is initiated from a torus in hydrodynamic equili-
brium (with an equilibrium pressure distribution p.q; L. G. Fis-
hbone & V. Moncrief 1976) around a black hole with a
dimensionless spin parameter a. = 0.9375. The torus's inner
radius is at r;, = 20 R,, and its density peaks at ripax = 42 R,.
The initiated torus is threaded by a weak poloidal magnetic
field loop with a maégnetic field strength set such that the
plasma beta 5 = 2p/b” = 100, where p is the plasma pressure,
and b is the magnetic field strength in the frame comoving with
the fluid (N. Bucciantini & L. Del Zanna 2013). We also define
a “cold magnetization” o. = bz/ (pcz) and a “hot magnetiza-
tion” oy, = b2/ (phc?), where p is the comoving plasma mass
density and h = 1 4 4p/(pc”) is the specific enthalpy of an
ideal gas with an adiabatic index of 4 = 4/3. The atmosphere
of the disk is permeated with diffuse plasma such that its
Lorentz factor I' < 20, rest-mass density pu, = Pmin? /2>
and pressure py. = Pun’ /% where p.. = 10"* and
Puin=1076/3 are the floor values of the density and pressure
of the gas, respectively. The ceiling on the cold magnetization
is set to be o;max = 100. The magnetorotational instability
(E. Velikhov 1959; S. Chandrasekhar 1960; S. A. Balbus &
J. F. Hawley 1991) is triggered by perturbing the equilibrium
fluid pressure as p = pq(1 + X;,) with a uniformly distributed
random variable X, € [-0.02, 0.02].

3. GRRMHD Simulation Results

Figure 1 shows the time evolution of the mass accretion rate
(top panel)

W = [our =gdods, 3)

the magnetic flux threading the event horizon (middle panel)

1 r
@ = [1B1=gdodo. @)

and the Blandford—Znajek power of a parabolic jet (lower
panel, normalized by M;R.D. Blandford & R. L. Znajek 1977,
A. Tchekhovskoy et al. 2011),

Lez = 0.044(a./2)*47 2, 5)

where in the above equations, u" and B" are the radial
components of the four-velocity and magnetic field,
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Figure 1. Time evolution of the mass accretion rate M (in code units) into the
event horizon (top panel), the magnetic flux & threading the horizon (middle
panel), and the Blandford—Znajek jet power Lgz normalized by M (bottom
panel) in our MAD simulation. The downward-facing triangles at the top of
each panel denote the times corresponding to the snapshots in Figure 3. The
gray shaded regions denote phases of post-MAD flux eruptions.

respectively. We define the phase 2000 < Tc¢/R, < 3000 when
M and ® increase as the accretion phase. In the rest of the
paper, we consider Tc/R, > 2000 to be the “quasi-steady state”
(before which the magnetorotational instability is not well
developed), and we perform time averages of various quantities
within the range 2000 < Tc/R, < 4000. The accretion phase
eventually leads to a MAD phase corresponding to saturation in
® and Lgz/M; this is followed by events of flux eruption with a
sudden drop in & (gray shaded regions); these phases repeat,
although our simulation covers only a few cycles. In the
following sections, we describe the properties of the inner
regions of the accretion flow, with a specific focus on the
sheath at the interface between the jet and the disk.

3.1. General Properties of the Jet Sheath

In the top panels of Figure 2, we present two-dimensional
snapshots of the plasma density, the dimensionless temperature
v/ pc?), and the bulk energy per unit rest-mass energy (I’ — 1) at
time 7c/R, = 2870. One can identify the jet sheath as the region
where the dimensionless temperature is p/ pc? ~ 0.1 and the bulk
energy is I' — 1 ~ 1. In the jet sheath, the flow transitions from
being ultrarelativistically fast and hot in the jet to nonrelativistic
and cold in the disk wind. The plasma mass density is p ~ 0.1
(in code units) at the jet—disk interface. In the following sections,
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we present a different criterion—based on o}, and G—to identify
the regions with reconnection-like features in the jet sheath.

The jet sheath is also a shear layer that exhibits roll-ups/
vortices, produced either by the nonlinear evolution of an
in situ linear instability (e.g., Kelvin—-Helmholtz) or by the
shearing of large-amplitude waves emanating from near the
black hole (G. N. Wong et al. 2021; J. Davelaar et al. 2023);
such waves could influence nonthermal particle energization
and bulk motions in the jet sheath (L. Sironi et al. 2021; more
on this in Section 3.4). Such roll-ups are also present at this
time (e.g., see [x/R,, z/R,] = [10-20, 10-20]). The streamlines
overlaid on top of panels (a), (b), and (c) represent magnetic
field lines. Note the reversals in the magnetic field direction at
the jet sheath: these regions are current sheets, i.e., the jet
sheath is both a velocity shear layer and a magnetic shear layer.

The time evolution of the aforementioned quantities
(0, p/ pc®, T — 1) as a function of the polar angle 6 at a
fiducial radius of 15 R, is shown in the bottom row. We choose
this as the fiducial radius in this paper because reverberation
studies have suggested that the nonthermal X-rays emerge from
aregion within ~15 R, from the black hole (W. N. Alston et al.
2020). At this radius, the jet sheath is seen to be located at
0 ~ 0.27 in the northern hemisphere (and symmetrically, at
0.87 in the southern hemisphere) during the quasi-steady state.
The bright horizontal streaks denoting increased density (in
panel (d)) and temperature (in panel (e)) seen within the jet core
(0 < 0.17 and 6 2 0.97) are numerical artifacts, where the code
injects additional plasma since the density (or magnetization)
hits its floor (ceiling) value (see Section 2).

3.2. Characteristics of the Reconnection Layers
3.2.1. Location and Geometry

Current sheets of various lengths form in the jet sheath,
which can result in magnetic reconnection. In Figure 3, we
show the current sheets that form close to the black hole at
various times (Tc/Rg = 2510, 2590, 3410, 3890; top to
bottom rows). The current sheets/reconnection layers are
visualized by the following parameters: oy, (first column),
plasma ( (second column), and magnitude of current density

JJU; (third column), where
. . T . —1/2_ijk Vj . vi
J'=qv'+ —E'+ v /" =B — (VE)— |, (6)
n c c

with ¢ = V - E being the charge density, E’ and B’ being the
electric and magnetic field three-vectors, ¢’ being the Levi—
Civita antisymmetric tensor, and v’ being the three-velocity with

corresponding bulk Lorentz factor I' = /1/(1 — viv;/c?).

We see large-scale current sheets, with lengths of O(10 Ry)
and widths of O(0.1 Ry). The current sheets in the jet sheath
may be classified depending on whether their magnetic
footpoints are rooted (1) on the event horizon of the black
hole and the accretion disk or wind (e.g., the arclike sheet at
Tc/R, = 2510), or (2) on only the accretion disk (e.g., the
nearly vertical sheets at Tc/R, = 2590, 3410). Case (1) is
primarily responsible for the bright “fingers” observed as
protruding into § > 0.37 and § < 0.87 in Figures 4(a) and
(b) (see also 1. El Mellah et al. 2023).

Note that the presence of a current sheet does not guarantee fast
dissipation. However, a current sheet showing plasmoid chains is
undergoing active reconnection, which implies fast dissipation.
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Figure 2. Panels (a), (b), and (c) in the top row show the comoving plasma density, the dimensionless temperature (p/ pc?), and the bulk energy per unit rest-mass
energy (I' — 1), at time TC/Rg = 2870. The black hole is centered at [x, z] = [0, 0], the red solid curve is the ergosphere, and the red dashed curve is the inner light
surface. The overplotted curves are magnetic field lines. The time evolution of these parameters (during the quasi-steady state, Tc/R, > 2000) at a fiducial radius of
r = 15 R, is shown in panels (d), (e), and (f) in the bottom row as a function of the polar angle @ (the white dotted curves in the top row indicate the fiducial radius).
The white left- and right-facing triangles in each of the bottom panels denote the time corresponding to the top panels. We only show the northern hemisphere,

0 < m/2.

Most of the time, long current sheets in the jet sheath are seen to
harbor chains of plasmoids, which appear as prominent regions
with 3 2 1. Most of the plasmoids residing in/near the sheath at a
given time were born in the sheath itself. However, there are brief
moments (of duration ~10 R,/c) when plasmoids are not formed
in situ in the sheath: these are the times immediately following a
flux eruption. During those moments, the region adjacent to the
sheath (toward the disk, with oy, < 0.15) may still harbor large
plasmoids (~5 R,/c), which were created at the base of the jet
during the prior flux eruption. These plasmoids can grow to large
sizes (O(10) R,) while propagating outwards. Some examples
appear in the top panels of Figure 2 as the closed loops of magnetic
field lines (e.g., at [x/Rg, z/Rs] = [16, 7], [24, 22]). Numerical
simulations have revealed that some of these large plasmoids move
along a spiral trajectory around the jet (A. Nathanail et al. 2020;
B. Ripperda et al. 2022; 1. El Mellah et al. 2023).

Given the copious presence of plasmoids and reconnecting
layers in the jet sheath, we regard this interface as an important
site of energy dissipation. As such, it may be a potential
candidate for the Comptonizing corona. More quantitatively,
we identify the reconnection-powered dissipation regions in the
jet sheath by the following combination: plasma beta 5 > 1 and
hot magnetization oy, > 0.15. The former threshold excludes
the jet core (which has lower plasma beta, and is unphysically
affected by numerical density and pressure floors), while the
latter excludes the weakly magnetized disk. In the following,
we call the region identified by the two conditions the
“dissipative jet sheath,” or the “candidate corona.”

The regions satisfying our cuts in plasma beta and magnetiza-
tion are colored by the local bulk Lorentz factor in the last column
of Figure 3. This shows that large plasmoids, reaching sizes ~5 R,
as a result of mergers with other plasmoids, can have a range of
velocities, depending on their proximity to the jet sheath.
Plasmoids close to the jet sheath are transrelativistic, with
I' =1~ 1 (eg., at [x/Ry, z/Rs] ~ [10, 10] in the third row of
Figure 3, or at [x/R,, z/R,] = [16, 20] in Figure 2(c)), while
plasmoids that are closer to the disk are subrelativistic, with
I —1~1072% (g, at [x/Rs, z/Rg] ~ [12, 13] in the second row
of Figure 3, or at [x/R,, z/R,] = [24, 22] in Figure 2(c)). As we
further discuss in Section 3.4, their motion is largely determined
by global stresses rather than by the local reconnection dynamics
(i.e., the release of magnetic tension of the reconnected fields).

As shown in Figure 3, the thickness of the dissipative jet
sheath can vary significantly over time. We find that it is wider
during flux eruption phases (gray regions in Figure 1), when &
drops to a minimum at the event horizon. In contrast, it gets
thinner—and nearly devoid of large plasmoids—during the
MAD phase, when flux accumulation has saturated at the event
horizon, i.e., at times just before flux eruptions. In both cases,
typical bulk motions in the dissipative jet sheath are
transrelativistic; see the last column of Figure 3.

The time evolution of oy, G, and J at the fiducial radius of 15 R,
is shown in Figure 4 as a function of the polar angle 6. This
highlights the copious presence of regions with large current
density located at the jet sheath (6 ~ 0.2, 0.87) at different times
during the quasi-steady state, Tc/R, > 2000. The presence of
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Figure 3. Realizations of plasmoid-mediated reconnection layers identified in the jet sheath by the conditions o}, > 0.15 and 3 > 0.1 at various times (in different
rows). (a)—(d) oy; (e)—(h) B; (1)—(1) the current density; (m)—(p) the bulk energy per particle in this region (i.e., where oy, > 0.15 and § > 0.1). In all panels, the black
hole is centered at [x, z] = [0, 0], the red dashed curve is the ergosphere, and the red solid curve is the inner light surface. Click here (https://youtu.be/cMmt8FYJI30)

for a YouTube video of some of these quantities.

transrelativistic bulk motions in this region (also identified by the
on > 0.15, B > 0.1 cuts) is seen to recur on a timescale of
O(10--100) Ry/c (panel (d)): this corresponds to a frequency of
~100-1000 Hz for a 10 M, black hole. Therefore, photons that
diffuse across a 10-100 R, region with an optical depth of order
unity will always encounter some realization of the reconnecting
layers in the jet sheath.

3.2.2. Azimuthal Field Strength in the Reconnection Layers

Figure 5 shows the magnetic field structure at different times
(same times as in Figure 3). Streamlines display the in-plane
magnetic field lines, demonstrating that it is primarily the radial
component (and not the polar component) that undergoes
reconnection. Colors in Figure 5 denote the strength of the out-
of-plane (azimuthal) field in the Eulerian frame (see discussion


https://youtu.be/cMmt8FYJI3o

THE ASTROPHYSICAL JOURNAL, 979:199 (16pp), 2025 February 1

log1o(oh) l0g10(B)
-2 -1 0 1 2 -2 -1 0 1 2
5B 4 o) <— e le—
2 [a] I ;
3750 ;
3500
3250
<
S 3000
s

12
0.2n 0.4m 0.6m 0.8m
O/rad

0 R
Oomr 0.2m 0.4m 0.6m 0.8m
B/rad

1n Onm

1n Onm

Sridhar et al.

log1o(/) logo(l — 1)
-2.0 -15 -1.0 -05 0.0 -2 -1 1] 1
b |
b 3 — 4
r ¥ Lt
1 %3 g
A % <
1 L i E 4
o O £
T ‘."“ ::_ T
E L p = |
.15; .1
+ | Fh>0| S'E?O +
0.2n 0.4n 0.6m 0.8m 1m Om 0.2n 0.4m 0.6m 0.8m 1m

6/rad 6/rad

Figure 4. Time evolution of the quantities in Figure 3 as a function of the polar angle 6, at the fiducial radius » = 15 R,. The left- and right-facing triangles denote the

times corresponding to different rows of Figure 3.

Tc/Rg=2590

5 10 15 20 25 30
X/Rg

30 0

10 15 20 25
Xx/Rg

0

T =
C/Ry = 3890 i6
5
n,:"E
+0 "";-5
o
m
-3
=ps J g R x;“'} -10
5 10 15 20 25 30 0 5 10 15 20 25 30
Xx/Rgq X/Rg

Figure 5. Strength of the out-of-plane magnetic field B, at different times (same times as in Figure 3), normalized to the strength of the in-plane field B;,. The

streamlines denote in-plane magnetic field lines.

around Equation (1) of B. Ripperda et al. 2019b, for the definition),
normalized by the in-plane (poloidal) field,

Bout/Bin = [25,B°/(8,,B'B" + g54B"B")"/%. @)

The figure shows that the azimuthal field in the northern
hemisphere is preferentially negative (the opposite holds in the
southern hemisphere), although some dissipation regions in the
jet sheath have mostly positive B, (see third and fourth
panels). During flaring events, magnetic loops originating in
the southern hemisphere (and thus preferentially having
By, > 0) may be launched into the jet sheath of the upper
hemisphere, as illustrated by the third and fourth panels in
Figure 5. We also point out that at the equatorial current sheet
appearing during flux eruptions, all field components (i.e., both
in-plane fields and B, flip their polarity (B. Ripperda et al.
2020, 2022), i.e., here reconnection proceeds in the regime of
vanishing guide field.

We now characterize in more detail the magnetic field
geometry in the dissipative jet sheath, identified via the
thresholds 3 > 0.1 and oy, > 0.15 as described above. A time-
and f-averaged histogram of B,,/B;, in the dissipative jet
sheath is shown in the left panel of Figure 6. We consider only
the upper hemisphere (opposite results hold for the lower
hemisphere), and we average over the quasi-steady state. The
radial dependence is captured by curves with different colors,
from 5R, (blue) to 40R, (red) in increments of 5R,. The
preponderance of negative azimuthal fields in the upper

hemisphere (see the blue regions in Figure 5) drives the
asymmetry in the histograms. Note that the histograms are
more symmetric (around B,,/B;, = 0) close to the black hole
(blue curves) than further away (red curves). This is related to
the “contamination” by B,, > 0 loops that originated in the
lower hemisphere, as described above for the third and fourth
panels of Figure 5. These “contaminating” By, > 0 regions do
not extend far from the black hole, which explains why the
histograms become more asymmetric at larger distances.

Using these histograms, we find the time-averaged azimuthal
field in the reconnection regions of the dissipative jet sheath
(i.e., where 8 > 0.1 and oy, > 0.15). It decreases from
(Bow/Bin) £ 0p,/p, = —1 £3atr=5R,to —2.6 £3.2at
r = 40 Rg.]5 The mean magnitude of the azimuthal field
increases from (|Boy/Binl) £ 0jp,,/8, = 1.9 £ 2.5atr =5R,
to 2.8 £ 3.0 at r = 40 R,

If the in-plane field reverses polarity across a current sheet,
while the out-of-plane component does not, then one could
interpret the out-of-plane component—along the direction of
the electric current—as a guide field. While B,, does not
always act as a guide field in the dissipative jet sheath, it could
locally act as a guide field at certain times, as its polarity often
stays constant across the current sheets in the jet sheath (e.g.,
see first and second panels of Figure 5).'° In contrast, as

15 From hereon, we denote the standard deviation of a quantity X as ox.

16 This is true in our two-dimensional simulation and may change in three-
dimensional simulations where physical quantities will not be invariant in the ¢
direction.
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Figure 7. (a) Radial Poynting flux at time Tc/R, = 2870. (b) Time evolution of the radial Poynting flux as a function of the polar angle ¢ at the fiducial radius of
r =15 R,. The black curve in the top subfigure shows the time-average ((E x B);)[6]. The angle where ((E x B),) peaks, Oy, is mentioned in the top subpanel (blue
text). The blue area in the top subpanel defines the jet sheath such that ((E x B))[0] > 0.75((E X B),)[f,]. The green area is the jet core. The ratio of the radially
flowing electromagnetic power in the jet sheath to that in the jet core is denoted by 7 (green text). (c) Blue and green markers show 6, and ;5 as a function of radius
(corresponding to the left and right vertical axes). The blue dashed curve is an empirical fit to 6,(r), scaling as o<1 /7.

already anticipated above, across the equatorial current sheet all
field components reverse in polarity, so the out-of-plane
azimuthal field cannot be interpreted as a guide field there.
The properties of particle energization, reconnection plasmoids,
and their bulk motions depend on the strength of the out-of-
plane guide field, as demonstrated by local kinetic studies of
reconnection (e.g., D. Ball et al. 2018; S. Gupta et al. 2024).
Current sheets that undergo reconnection in the presence of
large guide fields in the jet sheath might also be sites of proton
acceleration that can produce high-energy neutrinos
(D. F. G. Fiorillo et al. 2023).

3.3. Power in the Jet Sheath

The power flowing along the jet sheath can be reasonably
estimated considering only the electromagnetic component,

since the sheath is magnetically dominated, o}, 2 1 (see left
column of Figure 3). The dominant component of the Poynting
flux is the radial one.'” Its covariant form'® is given by

(E x B), = J7(E'B® — E‘BY). 8)

Figure 7(a) shows the covariant Eulerian (E X B), at
Tc/R, = 2870. We show the time evolution of (E X B), as a
function of the polar angle 6 in the bottom subfigure of panel
(b), for our fiducial radius r = 15 R,. The top subfigure shows
the time-averaged ((E X B),) as a function of 6. The polar angle
O where ((E x B),) peaks is ~0.27 for the northern

17 See Appendix A for comparison to polar and azimuthal components.

'8 Note that the physical component of radial Poynting flux in the orthonormal
basis is \/g" (E X B);.
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Equation (13). The shaded region around each curve denotes the standard deviation. All quantities are measured in the Eulerian frame within the dissipative jet sheath

in the upper hemisphere and averaged over the quasi-steady state.

hemisphere (and symmetrically, ~0.87 for the southern
hemisphere) at r = 15 R,. We identify the angular extent of
the jet sheath as the range where ((E X B))[0] >
0.75((E x B);)[0,x] (denoted by blue regions in Figure 12 in
Appendix A). The green regions (< 0.27 and 2 0.87) identify
the jet core. The factor of 0.75 that we adopt yields an angular
width that is comparable to the width of the region identified by
the o, > 0.15 and B8 > 0.1 thresholds (more on this in
Appendix B). In panel (c), we show that 0, (measured in the
northern hemisphere) decreases from ~0.37 at a radius of 5 R,
to ~0.17 at a radius of 40 R,. This can be fitted with a function
of the form Oy =~ 0.37(r/5 R,)~*3, indicating a paraboloidal
shape.

The ratio of the (polar-angle-integrated) time-averaged
electromagnetic power in the jet sheath (blue region) to that
in the jet core (green region) is found to be 7, >~ 2 at 15 R, (in
Appendix B, we compute 7;; adopting different definitions). As
shown by the green dots in Figure 7(c) (and in the top
subfigures of Figure 12 in Appendix A), this ratio stays at
7;s ~ 2-3 regardless of the distance from the black hole (at least
until 40 R,). For a highly spinning black hole, the jet efficiency,
defined as the ratio of power flowing in the jet core (where
B < 1) to the accretion power Mc?, is measured to be <50%
from radiative GRMHD simulations (M. T. P. Liska et al.
2022) intended to represent hard intermediate states (i.e.,
different from the nonradiative thick-disk MAD simulated
here). Since the jet sheath carries twice as much power as the
jet core, the power carried by the dissipative jet sheath is
comparable to the accretion power. This does not violate
energy conservation, since most of the jet power (both jet core
and jet sheath) comes from extraction of the black hole spin
energy.

The above findings are useful for interpreting the hard-state
observations of black hole X-ray binaries (R. A. Remillard &
J. E. McClintock 2006). For instance, the nonthermal X-ray
luminosity of Cygnus X-1 during the hard state is
~10*7ergs™', which is comparable to its jet power, as
measured directly from the interaction of the jet with the

surrounding medium using Ha and [O 1II] measurements of the
jet-powered nebula (E. Gallo et al. 2005; D. M. Russell et al.
2007). The fact that the electromagnetic power flowing in the
jet sheath is about twice that flowing in the jet core suggests
that the jet sheath might carry enough energy to power the
observed nonthermal X-ray emission.

In an attempt to quantify the dissipation occurring in the jet
sheath, we also calculate (in Appendix C) the radial
dependence of the radially outflowing electromagnetic power,

EEM() — 27 f Je™ (E x B), /=g db. ©)

We find that along the jet sheath, E(EM)(r) decreases with
radius as oc 7~ *2 from 2 R, to 10 R, (demonstrating magnetic
dissipation) then increases with radius (shown in Figure 14 in
Appendix C until ~40 R,): note that an increasing EEM(r) at
larger radii does not mean there is no dissipation there; instead,
it could be due to the additional contributions from disk winds
(as discussed by Q. Qian et al. 2018). For the parameters
typical of Cygnus X-1 (mentioned below in Section 3.5), we
find that up to ~10*® ergs™' may be dissipated along the jet
sheath from 2 R, to 10 R,.

3.4. Bulk Motions in the Dissipative Jet Sheath

In thAe left panel of Figure 8, we show the radial (7; red),
polar (¢; green), and azimuthal (q?); blue) components of the
dimensionless Eulerian bulk 4-velocity (I'3) as a function of
radius. All quantities are averaged over the polar angle within
the dissipative jet sheath and in time during the quasi-steady
state. The colored shaded band around each curve denotes the
corresponding standard deviation. We find that the fluid bulk
motions are dominated by the radial component (I'3,), with
('B:) £ org,, which increases from 1.0 & 0.4 at r = 5 R, until
it saturates at 1.3 £ 0.6 for r 2 30 R,. The polar component
decreases from (I'fy) & opg, = —0.12 £ 0.11 at r = 5R, to
—0.24 £ 0.11 at r = 40R,. The azimuthal component also
decreases with radius, from (I'G;) & ors, = 0.43 4+ 0.28 at
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r=5R,100.16 £ 0.15 at r = 40 R,. The mean bulk motion of
the dissipative jet sheath, as quantified by the left panel of
Figure 8, is crucial in determining (i) the energy density and
angular distribution of disk photons getting reprocessed in the
corona (e.g., A. A. Zdziarski et al. 1999), and (ii) the fraction of
Comptonized X-rays that return to the disk and give rise to the
reflected component (e.g., A. M. Beloborodov 1999). Our
result of a radially accelerating coronal region is in agreement
with the MHD models of A. Merloni & A. C. Fabian (2002)
and with the empirical model of A. L. King et al. (2017).

As illustrated by the left panel of Figure 8, the typical bulk
motions in the dissipative jet sheath are transrelativistic. The
mean bulk Lorentz factor in the lab frame (I' — 1) + op_
increases from 0.5 4+ 0.3 at r = 5R, until it saturates at
0.66 £ 0.44 for r 2 30 R,. This is shown by the black solid
curve in the right panel of Figure 8. For comparison, we also
show the mean and standard deviation of the bulk Lorentz
factor weighted by the radial energy flux (E x B)(1 + 1/0y,)
(dashed yellow curve and shaded region). Here, the factor of
1 /oy, accounts for the contribution of the matter energy flux,
assuming that the enthalpy density is dominated by hot
(nonradiative) ions. On the other hand, if the dissipative jet
sheath were to be dominated by radiatively cooled electron—
positron pairs, one would need to replace the hot magnetization
oy, with the cold magnetization o.. As further discussed below,
a proper characterization of the matter composition of the jet
sheath requires dedicated radiative simulations.

What is the origin of the transrelativistic motions in the jet
sheath? Given that most of the structures we observe there are
related to reconnection, one might speculate that the properties
of the bulk motions could be, in part, attributed to the release of
magnetic tension of the reconnected field lines and to the global
dynamics of the system (V. S. Beskin et al. 2004). A lower
limit on the fluid speed is given by

(10)

E xB
ﬁdz‘—‘

BZ

where the magnetic field, B = B, + Bomg%, is composed of
poloidal and toroidal components. We neglect the component
of the electric field parallel to the magnetic field. In the Eulerian
frame, the strength of the electric field perpendicular to the
magnetic field is given by (R. Narayan et al. 2007)

Ee ‘—Q—R{b xB‘ _ Qrsinf
¢

B,, (11)

c

where R = rsiné is the cylindrical radius. Let us take the
angular frequency of the field lines threading the black hole (£2)
to be half of the rotation frequency of the black hole horizon,
with radius ry = (1 + 1 — a?)R, (J. C. McKinney &
R. Narayan 2007a, 2007b), yielding

Q=2 10185
4}"H Rg

(12)
for a. = 0.9375. At the jet boundary (0 ~ 6py), far away from
the black hole, we have Qr sin 9pk > 1, which implies £ > B,,.
On the other hand, E ~ B, at most. This implies that the drift

10
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Lorentz factor I'y can be calculated as

2 2 Qrsinfy P
B B [y | 2O
B? — E? Bp2 c

13)

Iy =

We show I'4(r) — 1 as a dotted black curve in the right panel of
Figure 8. This matches fairly well with our measurement of the
mean bulk Lorentz factor weighted by the radial energy flux
(yellow dashed curve in the right panel of Figure 8).

So far we have characterized the mean bulk motions. Within
the paradigm of cold-chain Comptonization, the properties of
the Comptonized hard nonthermal X-ray emission are deter-
mined by the stochasticity in the plasmoid motions. To this
end, we compute the polar- and time-averaged bulk energy
spectra within the dissipative jet sheath, in the frame moving
with the local mean velocity (as quantified above). The
histogram of bulk motions measured in this frame is shown
by the solid curves in the left panel of Figure 9 as a function of
radial distance, from 5 R, (blue) to 40 R, (red) in increments of
5 R,. The distribution of stochastic bulk motions resembles a
Maxwellian with an “effective bulk temperature” of ~200 keV
at 5R,, decreasing to ~100keV at 40 R, (see dashed and
dotted black curves). In the right panel, we show the average
bulk Lorentz factor (I' — 1) and its standard deviation op_;
(as shown by the dark gray band), both measured in the frame
moving with the local mean velocity. We find that
(I — 1) & op/—; decreases from 0.40 + 0.14 at r = 10 R, to
03 £0.1atr=40R,.

In the traditional picture of thermal Comptonization, hot
electrons with a temperature of ~100 keV are required in order
to explain the observed hard nonthermal X-ray spectra. In our
model, it is the stochasticity in the bulk motions of dissipative
structures within the jet sheath—remarkably, having an
effective bulk temperature of ~100keV—that allows soft
photons to be Compton upscattered to a hard nonthermal X-ray
distribution. In previous works, we have employed Monte
Carlo radiative transfer calculations to show that bulk motions
with an effective bulk temperature of ~100keV are capable of
explaining the observed hard nonthermal X-ray spectra through
the cold-chain Comptonization process (SSB21, SSB23). In
local simulations of relativistic reconnection, the stochasticity
of bulk motions is a natural by-product of the plasmoid chain
dynamics (e.g., SSB21, SSB23). Here, our choice of o1, > 0.15
and 3 > 0.1 to identify dissipative regions in the jet sheath is
tailored toward capturing reconnection layers and plasmoids.
Still, stochastic motions may be contributed by other sources,
e.g., the waves/vortices seen at the jet sheath (check
Figures 2(a) and (b) for the presence of nonlinear waves along
the jet sheath).

3.5. Optical Depth

The results we have presented so far from our GRRMHD
simulations are scale-free. To obtain observable properties, we
consider parameters typical of Cygnus X-1 in the hard state: a
black hole of mass M. = 20 M., with an X-ray luminosity of
2 x 10*" erg s~ '—corresponding to an accretion power of
Mc? ~ 10% erg s~! assuming an efficiency of £ = 0.2 (see also
Section 3.3 and Appendix C). Taking the simulation time unit
to be T, = GM./c3, the length unit to be L, = GM./c?, and
the average accretion rate (in dimensionless simulation units) to
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Figure 9. Left panel: time- and f-averaged bulk energy spectra, calculated in the local comoving frame between 5 R, (blue) and 40 R, (red), in bins of 5 R,. The black
dotted and dashed curves denote 100 keV and 200 keV Maxwellian distributions, respectively. Right panel: mean bulk energy in the comoving frame (solid line) and
its standard deviation (shaded band) as a function of radius within the dissipative jet sheath. All quantities are measured in the frame comoving with the fluid within
the dissipative jet sheath in the upper hemisphere and averaged over the quasi-steady state.

be Mgy ~ 10 (see Figure 1), we obtain the simulation mass
unit of My = M T/ Mg =~ 1.1 x 102 g and the magnetic

field strength unit of By = ¢y 47Mgn /L3, ~ 2.2 x 10’ G."

Any coronal model must satisfy the requirement that the
Thomson optical depth 71 ~ 0.1-1 in order to explain the shape
of the nonthermal X-ray spectrum seen during the hard state of
X-ray binaries (A. A. Zdziarski et al. 1998; J. A. Garcia et al.
2015; N. Sridhar et al. 2020). We use the scaling parameters
derived above to compute the expected optical depth across the
dissipative jet sheath of our GRRMHD simulation. We note,
however, that our estimate of optical depth is rather
rudimentary since our simulation includes neither self-consis-
tent radiative physics (e.g., cooling, pair production) nor proper
electron thermodynamics (e.g., electron—ion Coulomb cou-
pling). Future dedicated simulations, following M. T. P. Liska
et al. (2022), will be needed to provide a more detailed
assessment of the composition (pair plasma versus electron—
proton plasma) and the optical depth of the dissipative jet
sheath.

Given that our simulation cannot inform us of the sheath
composition, we will treat separately the cases of electron—
proton plasma and electron—positron plasma. If the sheath is
efficiently loaded with baryons from the accretion disk, the
optical depth across the jet sheath (i.e., in the polar direction)
can be expressed as (A. M. Beloborodov 2017)

2
g ) 2L (14)
0.1r) my/me
where £ is the magnetic compactness defined as
B2
fp = L Zsim 2y, (15)
mec? 8w

for a comoving field b in simulation units. In Equation (14), we
assume the width of the current sheets in the jet sheath to be
w ~ 0.1r. In the case of plasmoid chain Comptonization,

!9 Here, we explicitly include the values of 47 and ¢ to calculate the
observationally relevant quantities in cgs units.

11

A. M. Beloborodov (2017) adopted a similar definition, where
0.1 was the aspect ratio of the reconnection layer, set by the
reconnection rate. We remark that Equation (14) is a reasonable
estimate of optical depth only if the mass density in the sheath
(in o.) is not dominated by the density floors of the GRRMHD
algorithm.

In X-ray binaries such as Cygnus X-1, ~1% of the X-ray
luminosity is observed in the MeV band (M. L. McConnell
et al. 2002), which may give rise to e™ pair creation through
photon—photon annihilation. Following the radiative PIC
studies of reconnection (SB20, SSB21, SSB23), we assume
that a fraction fyg ~ 0.3 of the magnetic energy is converted to
high-energy particles. If synchrotron losses are negligible, a
fraction fi. ~ 0.1 of these particles’ energy converts to the rest-
mass energy of secondary e™ pairs (R. Svensson 1987). When
u = (3/16)ffurls < 1, pair creation is balanced by escape. On
the other hand, the annihilation balance is approached when
u > 1. The magnetic compactness measured in the dissipative
jet sheath (green curve in Figure 10) is such that u > 1 for
r S 3Ry, and u < 1 for r 2 3 R,. In this case, the optical depth
of a self-regulated pair plasma can be estimated to be
(A. M. Beloborodov 2017)

TEVES NS
3\0.2/\0.1r Ju, u>"1

where we adopt £ = 0.2 as the efficiency of electromagnetic
dissipation (see Section 3.3 and Appendix C). Figure 10 shows
the polar-averaged and time-averaged profiles of fg, 7._p, and
T.+ as a function of radial distance from the black hole,
considering only regions belonging to the dissipative jet sheath
(i.e., where 8 > 0.1 and o, > 0.15). We find that, for a
(putative) corona at 2 < r/R, < 20, the electron—proton optical
depth is 7., ~ 1073~1072, while the self-regulated pair optical
depth is 7.+ ~ 0.01-0.1. Our estimate of 7., is affected by the
threshold oy, > 0.15 used to identify the dissipative jet sheath; a
less restrictive threshold will likely give higher 7._,. We note
that future global GRRMHD simulations with self-consistent

(16)

Tt
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Figure 10. Polar- and time-averaged radial profiles of the comoving magnetic
energy density (red), the magnetic compactness (green), the optical depth of
electron—positron pairs (blue), and the optical depth of electron—proton plasma
(brown) in the dissipative jet sheath, as obtained from our simulation scaled to
the parameters typical of Cygnus X-1 (see Section 3.5 for more details).
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radiative physics are needed for a proper estimate of the optical
depth in the dissipative jet sheath.

4. Discussion

Nonthermal X-ray emission is seen from active galactic
nuclei (AGNs; A. C. Fabian et al. 2015) and X-ray binaries
(C. Done et al. 2007). In previous papers (SB20,
SSB21, SSB23; S. Gupta et al. 2024), we performed kinetic
plasma PIC simulations of relativistic and transrelativistic
magnetic reconnection in ¢* and electron—ion plasmas. The
simulations demonstrate that the popular scenario of hard X-ray
production by thermal Comptonization is unfeasible for a
corona heated by magnetic reconnection, since most of the
electrons in the reconnection layer are kept at low temperatures
by the strong Compton cooling. However, the reconnection
layer can still produce the observed hard X-ray spectra via
Comptonization by the stochastic bulk motions of the
Compton-cooled plasmoid chain (A. M. Beloborodov 2017).
In this paper, we employ global GRRMHD simulations to
explore which regions can produce the stochastic transrelati-
vistic plasmoid chain that could act as a Comptonizing corona.
Our main results are as follows:

1. The sheath between the jet and the surrounding medium
is an important site of energy dissipation, as revealed by
the copious presence of reconnection layers and plasmoid
chains. This region (which we have called the “dis-
sipative jet sheath”) is well identified by a combination of
thresholds in plasma beta, 3 > 0.1, and hot magnetiza-
tion, oy, > 0.15, i.e., more magnetized than the accretion
disk yet less magnetized than the jet.

2. The field lines that reconnect in this region are primarily
radial. The time-averaged azimuthal field B, in the
dissipative jet sheath is comparable in strength to the
reconnecting fields. While B, does not always act as a
guide field, we find that its polarity often stays constant

12
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across the current sheets located in the jet sheath (i.e., it
can act as a guide field).

. The radial electromagnetic power flowing in the jet

sheath is twice as large as the electromagnetic power
flowing in the jet core and is comparable to the overall
accretion power. The electromagnetic power in the jet
sheath decreases by ~20% from 2 R, to 10 R,. This may
be able to satisfy the energetic requirements to explain the
nonthermal X-rays from the hard state of black hole
X-ray binaries (R. A. Remillard & J. E. McClint-
ock 2006; C. Done et al. 2007). We find that the
polar angle of the jet sheath depends on distance
as Oy >~ 0.37(r/5Ry)™%, indicating a paraboloidal
surface. Note that the X-ray-radio flux correlation
(Fradio X Fgfray) seen during the hard state, and the
observed time lags were recently explained by
invoking an outflowing, parabolic Comptonizing region
(N. D. Kylafis et al. 2023; N. Kylafis & P. Reig 2024).

. The mean bulk motions in the jet sheath are transrela-

tivistic and dominated by the radial component, with
time-averaged dimensionless 4-velocity (I'G;) = 1.2. In
the frame moving with the local mean velocity, the
distribution of stochastic bulk motions resembles a
Maxwellian with an effective bulk temperature of
O(100) keV, which is required to produce a Comptonized
nonthermal X-ray spectrum in agreement with the
observations. While the presence of transrelativistic
plasmoids from magnetic reconnection is a sufficient
condition for Comptonization by stochastic bulk motion,
we emphasize that the stochasticity can also be
potentially brought about by other means such as
transrelativistic turbulence (e.g., D. Groselj et al. 2023)
and/or Kelvin—Helmholtz-like vortices that are expected
along the jet sheath (e.g., G. N. Wong et al. 2021;
A. Chow et al. 2023; J. Davelaar et al. 2023).

. The transrelativistic radial bulk velocity of the jet sheath

should have implications for the strength of the disk-
reflected component (A. M. Beloborodov 1999), the
polarization angle (PA), and the PD. If the corona is
launched away from the disk with speed 0.1 <v/c < 0.8
—our measurements are in this range—A. M. Beloboro-
dov (1998) found that the PA would be parallel to the
disk normal—this is the PA measured by IXPE for
Cygnus X-1 (H. Krawczynski et al. 2022). Furthermore,
IXPE observations revealed a large PD (~4%), which
could be explained by an outflowing Comptonizing
region with speed v/c 2 0.4 (akin to model (c) of
J. Poutanen et al. 2023, and in the range of our
measurements). J. Dexter & M. C. Begelman (2024)
showed that the observed PA and PD of Cygnus X-1
could be explained by invoking a bulk outflow with
I’ > 1.5 along a conical sheath. Their requirement that the
cone half-opening angle be 0.157 < Oeope S 0.37 means
that, in our model, most of the Comptonization must
occur between 5 R, and 20 R, (Figure 7(c)).

. We estimate the Thomson optical depth across the

dissipative jet sheath to be 7 ~ 0.01-0.1 at
2 S r/Ry < 10. A proper assessment of the optical depth
and of the composition of the dissipative jet sheath
(electron—proton  versus electron—positron  plasma)
requires dedicated radiative GRRMHD simulations,
which are beyond the scope of this work.
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Several lines of observational evidence have pointed toward
a link between the presence of a compact radio jet and the
emission of nonthermal X-rays as seen during the low/hard
states of X-ray binaries and AGNs (R. P. Fender & E. Kuulk-
ers 2001; E. Gallo et al. 2003, 2018; R. P. Fender et al. 2004,
M. Méndez et al. 2022). Our candidate corona—the dissipative
jet sheath—is naturally linked to the presence of a jet. As
already discussed, our work is motivated by the radiative
GRMHD simulations of J. Dexter et al. (2021) and
M. T. P. Liska et al. (2022), which showed the formation of
an inner thicker disk (within ~10R,) with a strong poloidal
field (akin to a MAD state) and a powerful jet, if the flow is
initially threaded with a dominant poloidal flux at large radii. It
has been argued that the accretion disk might not be MAD
during bright hard states based on the presence of Type-C
quasi-periodic oscillations, which are thought to be associated
with the precession of a thin disk (A. R. Ingram &
S. E. Motta 2019) and so not expected from a thicker, MAD
disk (P. C. Fragile et al. 2023). We note, however, that Cygnus
X-1 does not exhibit strong Type-C quasi-periodic oscillations
during its hard state.

We conclude by emphasizing limitations of the analysis
presented in this paper. Our results are based on two-
dimensional MHD simulations of accretion onto a highly
spinning black hole in the MAD regime, i.e., with strong
poloidal flux near the disk's inner edge. We expect that the
proposed Comptonization mechanism will also work in three-
dimensional (3D) simulations, where both the kinetic drift-kink
instability and the MHD flux-rope kink instability are enabled.
This expectation is supported by existing local-box radiative
3D PIC simulations (L. Sironi & A. M. Beloborodov 2020). In
the future, it may be useful to investigate how our conclusions
are influenced by: (1) three-dimensionality in global simula-
tions; (2) a lower and possibly retrograde spin of the black
hole; (3) a dominant toroidal component of the magnetic field
in the disk, which may weaken the jet; (4) a spatially dependent
prescription for resistivity based on kinetic simulations of
collisionless reconnection (S. Selvi et al. 2023; M. Bugli et al.
2024), which might yield a faster reconnection rate and may
affect the properties of the plasmoid bulk motions in the jet
sheath; and (5) the self-consistent interaction between plasma
and radiation. The latter is essential to properly determine the
plasma composition, the resulting optical depth, and self-
consistent Comptonized X-ray spectra.
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Appendix A
Components of the Poynting Flux

Figures 11(a), (b), and (c) show the covariant radial, polar,
and azimuthal components of the Eulerian Poynting flux,
respectively, at time Tc/R, = 2870. In the jet sheath, we find

>0 <0
-0
0
=1
-1
=2
-2
=3
+=3
-4
——4

x/Rg

Figure 11. (a) Radial, (b) polar, and (c) toroidal components of the Poynting flux at Tc/R, = 2870. In all panels, colors denote values of the Poynting flux >0, while

the grayscale denotes values <0.
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the radial component of the Poynting flux to be dominant. In
Figure 12, we show the time evolution of (E x B), as a function
of the polar angle (0) for different radii in the bottom subpanels.
All the quantities are the same as in Figure 7(b). The radial
Poynting flux is seen to decrease as the distance increases
(mostly due to the larger surface area); a deeper analysis of this
is presented below and in the main text (Section 3.3).

Appendix B
Jet Sheath Efficiency

In Figure 13, we check how the jet sheath efficiency 7;; depends
on different definitions for jet sheath and jet core, at our fiducial

===+ Active times; jet sheath

Or 02m 0.4m 0.6m 08n 1n
6/rad B/rad

Figure 12. Time evolution of the radial Poynting flux as a function of §. Each panel denotes a different radius. All the quantities shown are the same as in Figure 7(b).
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radius of r = 15 R,. The efficiency 7 presented in the main paper
is defined as the ratio of polar-angle-integrated ((E x B),) in the jet
sheath region to that in the jet core region. The solid black curve in
Figure 13 shows (E x B), averaged during the quasi-steady state,
as a function of §. One way we define the jet sheath is such that
((E x B))[0] = 0.75((E x B),)[0k], where Oy is the polar angle
where ((E x B),) peaks in the upper and lower hemispheres (blue
patches); the jet core is the remaining green patch. For example,
the ranges of @ for the jet sheath region in the upper hemisphere
going by this definition are: 0257 < 6 < 0397 at 5R,,
0177 < 6 < 0277 at 10R,, 0.157 < 6 < 0227 at 15R,,
0137 < 6 < 0187 at 20R,, 0.117 < 6 < 0.167 at 25R,,

—— All times; everywhere

== All times; jet sheath == All times; jet core “jet sheath” = o, > 0.15, 8> 0.1; “jet core" = oy > 1,8 < 0.1
nis = 2 (All times; blue/green region) _-" . o
L, . Nis=1.1 (Active times; jet sheath/jet core) X . ;'.'-‘,
Aar ' . . v
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a '_ *
X
w . .

1072+ .

Z | f . | :
on 0.2n 0.4m 0.6m 0.8n 1in

B/rad

Figure 13. Time-averaged radial Poynting flux ((E x B),) as a function of § calculated at the fiducial radius of r = 15 R,. The blue and green dotted curves denote
((E x B),) computed only at the times when the criteria o, > 0.15, 8 > 0.1 for jet sheath and ¢, > 1, 8 < 0.1 for jet core are attained. The blue and green dashed
curves denote ((E x B),) averaged over all times during the quasi-steady state. For dotted and dashed green lines, we consider only regions that satisfy o, > 1, 8 < 0.1
(jet core). For dotted and dashed blue lines, we consider only regions that satisfy o, > 0.15, 5> 0.1 (jet sheath). The black curve denotes ((E x B),) averaged over all
times in the whole volume; the blue and green patches define the jet sheath and jet core regions as done in the main text. The jet sheath efficiency 7, obtained for
different definitions of jet sheath and jet core is also listed (see Appendix B for more details).
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0.10r < 0 < 0.14m at 30R,, 0.097 < 0 < 0.137 at 35 R, and
0087 < 6 < 0.127 at 40 R,. This definition yields n, ~ 2, as
discussed in the main paper. For other purposes, in the paper, we
have defined the dissipative jet sheath as the region having
o > 0.15, 8 > 0.1; regions satisfying these conditions only exist
at certain times (which we shall call “active times”). We
complement this by defining here the jet core as the region with
o, > 1, 5<0.1. The {(E x B),) averaged only during active times
is shown by blue (jet sheath) and green (jet core) dotted curves.
The corresponding jet sheath efficiency is 7, ~ 1.1 (here,
definitions of the jet sheath and jet core are based on our oy, and
thresholds). This would be 7, ~ 0.24 if averaged over “all times”
during the quasi-steady state (dashed curves). We also find that the
jet sheath efficiency increases by a factor of ~2 by considering the
total radially flowing power (E x B)/(1 + 1/oy,) instead of just the
electromagnetic component (E X B),.

Appendix C
Electromagnetic Dissipation along the Jet Sheath

Furthermore, we estimate the fraction of the radially flowing
electromagnetic power that is dissipated in the jet sheath: we
find that the radially flowing electromagnetic power in the jet
sheath E™(r) = 27 [\[g™ (E x B),\/=g df decreases with
distance as oc ¥~ 2 between 2 R, and 10 R, i.e., it decreases by
~20% in our candidate coronal region from 2-10R,. We
associate this fraction £ = 0.2 with the efficiency of converting
the electromagnetic energy to plasma (and radiation), and find
up to ~10°%ergs™! to be dissipated between 2 R, and 10 R,
(for the parameters typical of Cygnus X-1; see Section 3.5).
This is shown in Figure 14; the dark blue solid curve is
computed from the regions of the jet sheath defined by
on > 0.15 and B > 0.1 (time-averaged during the active times,
as mentioned above). As discussed by Q. Qian et al. (2018), the
increasing E®M(r) at larger radii r 2 10 R, could be due to the
contribution of large-angled disk winds. This trend is robust
regardless of whether the dissipative jet sheath is defined based
on the o > 0.15, 5 > 0.1 threshold or the ((E x B),)[0] >
0.75((E x B);)[0p] condition.
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Figure 14. Time-averaged radially flowing electromagnetic power,
E®M () = 27rf\/g_" (E x B);J—g df (for Cygnus X-1 parameters) as a
function of radius, along the jet sheath defined by our oy, > 0.15 and 3 > 0.1
thresholds.
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